irect electrical stimulation (DES) mapping is a well-known technique for identifying brain functions in an eloquent brain area during surgery. 3, 8, 13, 16, 26, 27, 29, 40 It can minimize permanent postoperative deficits while maximizing the extent of resection, especially in cases of infiltrative tumors such as low-grade gliomas (LGGs), in which the greater the resection, the longer the patient survival. 9, 10, 19, 20, 25, 29, 34, 35 In routine mapping, DES usually provides a high percentage of positive responses for relatively simple functions in sensorimotor areas at both cortical and subcortical levels 3, 11, 12, 18, 29 and for simple language tasks such as counting. For more complex tasks such as object naming, 3, 11, 12, 18, 29 as well as tasks testing extralinguistic functions, the interpretation of DES effects is more complex. The percentage of positive responses significantly decreases for extralinguistic tasks, especially in subcortical mapping and in nondominant-hemisphere mapping, which, in general, are performed in rare cases only. 7, 14, 15, 17, 21, 32, 32, 41, 44 Preoperative diffusion tensor imaging (DTI) serves as orientation during surgical planning, but intraoperative confirmation with DES in the white matter is needed. However, DES does not offer the same guarantee of response in the white matter as in the cortex. In fact, few studies have reported the exact percentage of positive responses during subcortical DES for critical-function mapping outside the sensorimotor areas or Broca's area. 1, 10, 20, 22 Consequently, the concept of "negative mapping" was abbreviations DES = direct electrical stimulation; DTI = diffusion tensor imaging; EOR = extent of resection; fMRI = functional MRI; LGG = low-grade glioma; MEP = motor evoked potential; RTNT = real-time neuropsychological testing; SSEP = somatosensory evoked potential. obJective Awake surgery and mapping are performed in patients with low-grade tumors infiltrating functional brain areas for which the greater the resection, the longer the patient survival. However, the extent of resection is subject to preservation of cognitive functions, and in the absence of proper feedback during mapping, the surgeon may be less prone to perform an extensive resection. The object of this study was to perform real-time continuous assessment of cognitive function during the resection of tumor tissue that could infiltrate eloquent tissue. methods The authors evaluated the use of new, complex real-time neuropsychological testing (RTNT) in a series of 92 patients. They reported normal scoring and decrements in patient performance as well as reversible intraoperative neuropsychological dysfunctions in tasks (for example, naming) associated with different cognitive abilities. results RTNT allowed one to obtain a more defined neuropsychological picture of the impact of surgery. The influence of this monitoring on surgical strategy was expressed as the mean extent of resection: 95% (range 73%-100%). At 1 week postsurgery, the neuropsychological scores were very similar to those detected with RTNT, revealing the validity of the RTNT technique as a predictive tool. At the follow-up, the majority of neuropsychological scores were still > 70%, indicating a decrease of < 30%. conclusions RTNT enables continuous enriched intraoperative feedback, allowing the surgeon to increase the extent of resection. In sharp contrast to classic mapping techniques, RTNT allows testing of several cognitive functions for one brain area under surgery.
D
irect electrical stimulation (DES) mapping is a well-known technique for identifying brain functions in an eloquent brain area during surgery. 3, 8, 13, 16, 26, 27, 29, 40 It can minimize permanent postoperative deficits while maximizing the extent of resection, especially in cases of infiltrative tumors such as low-grade gliomas (LGGs), in which the greater the resection, the longer the patient survival. 9, 10, 19, 20, 25, 29, 34, 35 In routine mapping, DES usually provides a high percentage of positive responses for relatively simple functions in sensorimotor areas at both cortical and subcortical levels 3, 11, 12, 18, 29 and for simple language tasks such as counting. For more complex tasks such as object naming, 3, 11, 12, 18, 29 as well as tasks testing extralinguistic functions, the interpretation of DES effects is more complex. The percentage of positive responses significantly decreases for extralinguistic tasks, especially in subcortical mapping and in nondominant-hemisphere mapping, which, in general, are performed in rare cases only. 7, 14, 15, 17, 21, 32, 32, 41, 44 Preoperative diffusion tensor imaging (DTI) serves as orientation during surgical planning, but intraoperative confirmation with DES in the white matter is needed. However, DES does not offer the same guarantee of response in the white matter as in the cortex. In fact, few studies have reported the exact percentage of positive responses during subcortical DES for critical-function mapping outside the sensorimotor areas or Broca's area. defined owing to possible low DES positivity. 35 Several factors could be responsible for negative mapping, such as a smaller craniotomy, individual variability, anatomical distortions, functional reorganization due to a tumor mass, an inappropriate task for the target area, and a network of areas subserving cognitive functioning that cannot be affected by the small area where DES exerts its electrical interference. 28 Thus, in the absence of DES-induced responses, the surgeon cannot rely on proper feedback during the procedure and may be less prone to perform an extensive resection, even if negative mapping is correlated with a better clinical result. 35 The lack of positive DES responses does not necessarily imply a lack of function in the target area; therefore, the patient could experience postoperative dysfunction. Because of the possible dissonance between intraoperative mapping and postoperative outcome and in order to obtain a real-time view of what happens to cognitive functioning during the resection of tumor tissue that may infiltrate functionally preserved tissue, we used a novel approach consisting of more complex, continuous real-time neuropsychological testing (RTNT) performed during tumor resection.
While DES gives on/off responses on a relatively few simple tasks, RTNT offers supplementary information about different cognitive functions. Moreover, the resection can be continued without feedback between 2 DES phases. As compared with the DES used in the past, RTNT offers continuous feedback. In addition, it is likely to trigger the functioning of larger networks and thus reflects a dynamic view of brain functions. It also reduces the uncertainty associated with negative mapping and the temporal gaps between sequential DES phases throughout a resection. Furthermore, in RTNT many tasks can be continuously rotated, while DES allows testing of just a few simple tasks because of time constraints. Lastly, RTNT allows assessment of several cognitive functions for a particular brain area in surgery, while only 1 function can be tested during DES.
In this study, we present our experience with continuous RTNT during surgery for LGGs. We describe patient performance during surgery, reversible intraoperative neuropsychological dysfunction or oscillations, the influence of such monitoring on surgical strategy, and clinical and surgical outcomes.
methods patients
RTNT was performed in a consecutive series of patients (and is still used at our institution). The criteria we used to perform RTNT are the same as those used for awake surgery. However, since RTNT is demanding, which can be one of the limitations of this technique, we used an additional inclusion criterion: presurgical neuropsychological performance should be > 85% in terms of accuracy.
We selected 92 patients-65 subjects with low-grade gliomas, 23 with anaplastic gliomas, and 4 with cavernomas-all right-handed, native Italian speakers (Table 1) . The 4 patients with cavernomas served as a comparative group.
The local ethics committee approved the study. All patients gave written consent.
presurgical evaluation
Seven to 10 days prior to craniotomy, all patients underwent diagnostic evaluation including functional MRI (fMRI), anatomical and diffusion tensor imaging (DTI) as previously described, 42, 43 and neuropsychological testing (Supplementary Table S1 ).
surgery
All patients underwent awake surgery as previously described. 19 All patients were fixed to a Mayfield frame and remained awake from the beginning of the surgery. They were slightly sedated during exposure and closure of the surgical field.
19,38 Anatomical imaging, fMRI, and DTI data were sent to the navigator system (StealthStation, Medtronic), and they proved particularly useful during cortical mapping immediately after opening the dura mater. Standard tags were used to identify functions on the brain surface. Guided by the navigator, we placed colored tags along the medial border of the lesion through the tumor mass for spatial orientation during the advanced stage of tumor resection, when brain shifts usually occur. Surgery was performed under cortical and subcortical white matter DES, according to the intraoperative technique previously described by Duffau et al. 10 and based on the methodology of Berger and Ojemann.
2,4,29,30 Motor evoked potentials (MEPs) and somatosensory evoked potentials (SSEPs) were also recorded during surgery to continuously monitor the integrity of motor and somatosensory pathways (64-channel Eclipse Neurovascular Workstation, Axon Systems Inc.; 32-channel video polygraphic station, Brain Quick SystemPlus, MicroMed). Continuous electrocorticography was performed to detect discharge phenomena and rule out the possibility that the patient's decrement in performance or oscillatory performance was caused by the concomitant presence of short focal seizures.
surgical strategy and rtnt and des
Before resection, DES was performed as described in the literature. RTNT was started at the beginning of the resection and ended at the beginning of hemostasis. During surgery, at intervals, DES was performed in the classic way. In such cases we temporarily stopped the RTNT. If DES evoked a positive effect, the surgeon usually stopped the resection. If DES produced a negative response, we restarted the RTNT, which remained the only feedback on the patient's performance and was evaluated by the neuropsychologist.
The battery of tasks included in RTNT was created as follows. Tasks were selected from published neuropsychological batteries available in the Italian normative data. We included tasks encompassing a wide range of cognitive functions to have an exhaustive intraoperative neuropsychological battery. Some tasks are common for both right-and left-hemisphere lesions, testing 1) orientation, 2) memory and attention, 3) automatic series, and 4) fluency (Supplementary Table S1 ). For patients with left-hemisphere lesions, we used tasks testing 1) naming, 2) repetition, 3) reading, and 4) comprehension.
From our extensive list of tasks (Supplementary Table  S1 ), we selected a series of tasks according to lesion localization, fMRI and DTI results, and preoperative neuropsychological profile. Task sequence follows a fixed order with regard to an area (Fig. 1) . We created a fixed task order for lesions of the left frontal, left Broca's, left premotor, left temporoinsular, left parietal, right frontal, right premotor, right temporoinsular, and right parietal area. For example, for surgery involving the left temporal cortex, the sequence of RTNT includes object naming, phonemic discrimination, word reading, word repetition, nonword reading, nonword repetition, phonological discrimination, digit span, lexical decision, action naming, and picture description (Supplementary Table S2 ).
The sequence of tasks was repeated (presenting a different stimuli list for each sequence) until the end of the resection. Intraoperatively, however, task order and selection could suddenly change according to the principles of differential diagnosis (Supplementary Table S3 ). For example, in each test for a patient who underwent surgery in the left temporal lobe, 10-15 items were presented (for instance, 15 pictures for naming, 10 words for reading, 10 pseudowords for repetition) for about 30 seconds for each task, in a rotating manner. In this way task assessment and task switching were quick and dynamic for immediate dysfunction detection. As soon as the patient exhibited a decrement, the neurosurgeon was immediately informed and carried on with the surgical technique already described. In 1-2 minutes the RTNT allowed the assessment of object naming, word reading, and pseudoword repetition.
When this sequence was completed and if patient performance was within the normal range, we restarted testing using the first task and followed the same sequence but with different items. On the contrary, if a patient showed a decrement-for instance, if the patient's object naming performance decreased (in the example, the score was 10/15-anomia)-we performed in-depth testing. Following the principles of differential diagnosis ( Supplementary  Table S3 ), we assessed whether the decrease was confined to object naming, so we used action naming (in the example, the score was 10/15-anomia), reading of words and pseudowords (score 9/10 for each task), phonology (phonological discrimination: 15/16), picture description (showing that the anomies also impacted fluency: 2/4-anomia), lexicon (lexical decision: 18/20), and repetition (word: 10/10 and nonword: 10/10). We restarted with object naming (in the example, the score was 12/15-anomia) and action naming (13/15-anomia), picture description (3/4-anomia), digit span (5/9), and lexical decision (19/20) , and we again administered object naming. If the performance was restored (14/15) we continued with a second sequence of the RTNT phase (Supplementary Table S3 ). This protocol was, of course, subject to real surgical timing. If everything runs smoothly, a sequence like the one described lasts about 7-8 minutes.
The possible deterioration in performance usually occurred in a gradual way. An interesting feature was the often temporary nature of the deterioration, with a recovery in performance after some minutes (Fig. 2) . Considering that tissue traumatism due to manipulation or patient fatigue may have caused this oscillation, we adopted a more dynamic surgical strategy. To assess the effect of surgical manipulation, we briefly interrupted the surgery, giving the patients short breaks, or we moved to another part of the surgical field by using the "stop-and-go" surgical approach as done for intramedullary tumors. 3 With this approach, patients were able to rest and restart performing the tasks, and we were able to continue the procedure in the same area if the patients recovered.
Using the logic of neuropsychological differential diagnosis with different tests, we could either confirm or exclude that testing was affected by manipulation or fatigue. This is fairly similar to standard neuropsychological testing outside the operating room, when fatigue can affect patient performance as well.
The limit used to stop surgery temporarily or definitively coincided with a decrease in performance to 70% of baseline levels. The 30% threshold was established by examining a preliminary group of patients in whom we tested the feasibility of our technique before actually starting the present study. Thus this threshold was correlated to follow-up performance. For example, for the object naming task, 1) we identified patients with pathology at the follow-up examination and calculated their mean performance, which was around 75%; and 2) we identified their RTNT level of performance on the same task and calculated their mean accuracy, which was around 70%. Consequently, we considered this level of performance as a warning to stop surgery. In the present series of patients, we set the threshold at the same value on the basis of our initial experience and verified whether it worked by correlating RTNT performance with the follow-up performance.
Deterioration usually occurred when the resection was very close to the tumor boundary. The above-described strategy provided us with ongoing confirmation that we could continue with a resection. In contrast, with a negative DES response, we lacked the confidence necessary to continue with an aggressive and somewhat blind surgery in an eloquent area. DES in the same areas did not produce a similar response. During RTNT, each subject viewed the stimuli (Presentation, Neurobehavioral Systems Inc.) via a monitor at a distance of 30 cm. Audio from the patients and the neuropsychologist was recorded. The intraoperative information has provided feedback to the surgeon.
statistical analysis
Nonparametric statistics were applied (Wilcoxon test, 2-tailed, a level < 0.05) to compare the patient's accuracy pre-versus intraoperatively, preoperatively versus 1 week postoperatively, and preoperatively versus follow-up.
results postsurgical evaluation
All patients underwent standard diagnostic MRI with tumor volume analysis 19 and neuropsychological testing.
neuropsychological performance, rtnt, and Follow-up To determine each patient's performance accuracy, the reference level (100%) was set at his or her preoperative performance. Scores were thus normalized. To correlate the impact of each test on the follow-up level of performance, we grouped the tests into 3 categories: Group 1, absent or minimal intraoperative dysfunction with complete recovery at the end of surgery; Group 2, intraoperative dysfunction still present at 1 week after surgery and complete recovery achieved 6 months after surgery; and Group 3, intraoperative dysfunction and some deficits at 6 months after surgery.
At 1 week postsurgery, scores were very similar to those detected with RTNT, proving the validity of the RTNT technique as a predictive tool. The majority of scores were still > 70% of the baseline performance, which indicated a decrease < 30%. For example, for a critical function such as naming, significant improvement was found in the lefthemisphere LGG group at follow-up (from 79% at 1 week postsurgery to 86% at the 6-month follow-up). Results of tests that were the most critical in our sample appear in Tables 2-6 .
task sequence and duration
Mean duration of testing during the resection was 43 ± 21 minutes, and the mean number of tasks administered was 16 ± 21. A mean of 3.9 ± 1.4 tasks were administered during 10 minutes. For example, as can be seen in Supplementary Table S3 , the total time needed for resection of an LGG in the left temporal lobe was 55.40 minutes.
comparative study with a cavernoma group
The patients with a cavernoma had very high performance scores (Table 4 ). The cavernomas were localized according to presurgical fMRI in language-related areas at both cortical and intrasulcal levels. Lesion size ranged from 12 to 22 cm 3 including the hemosiderin layer. Localization was the left insula, postcentral area, and precentral area. Two patients had generalized seizures, 1 patient had motor seizures, and 1 patient had headaches. In all 4 cases but 1, the thin layer of hemosiderin was removed ac- cording to negative DES and RTNT performance. In that 1 case, the DES response was positive in the hemosiderin layer and thus we left that layer. Since cavernomas are extraaxial lesions not infiltrating the parenchyma as gliomas do, the comparison with cavernoma patients served as a validation study and enabled us to conclude that RTNT is reliable for measuring intraoperative cognitive changes, as the patients could perform the RTNT with a high degree of proficiency.
impact on resection
We compared the value of the extent of resection (EOR) based on our intraoperative protocol with that using our historical database. 19 As reported in our previous study, 19 patients in Series 1 (those who had undergone intraoperative DES alone) had a mean EOR of 77% (range 28%-100%) and patients in Series 2 (those who had undergone intraoperative DES plus had overlapping fMRI/fiber tracking DTI data on a neuronavigation system) had a mean EOR of 90% (range 49%-100%), whereas patients in the present study had a mean EOR of 95% (range 73%-100%).
discussion mapping and Functions
Maximal resection is currently the first therapeutic option for LGGs to prolong overall survival. 19, 24, 34, 36, 38, 39 Given the ability of LGGs to infiltrate eloquent cortical areas and subcortical functional pathways, 19, 23 brain mapping techniques and awake surgery have become mandatory in dealing with such lesions. 3, 9, 10, 19, 20, 35 In contrast to the situation for cortical DES, only a few studies concerning language function have documented in detail the per- Boldface type indicates the significant changes detected between pre-and intraoperative testing, and preoperative and 1-week testing. The followup ended at 1 week since later anaplastic patients received radio-or chemotherapy, which can worsen cognitive functioning. For this reason, we avoided adding an additional variable in our patient series. We decided to exclusively focus on RTNT performance correlated to resection and to follow up performance for those patients for whom no other uncontrollable variables (such as the cognitive decline related to chemotherapy and radiation) were present at the follow-up testing. Consequently, the concept of negative mapping was proposed even if, in the absence of a DES effect, impaired cognitive performance was found at follow-up neuropsychological testing. 
real-time neuropsychological testing and surgery
Nowadays we accept that the relation between one brain function and a brain area is not 1:1 and, instead, that cognitive processing is subserved by multiple brain networks. Consequently, the brain areas involved in cognitive processing are larger than the small, circumscribed portion of brain on which DES exerts its electrical interference. Accordingly, RTNT, which is complementary to DES, enables the surgeon to monitor a patient's cognitive performance, reducing the uncertainty associated with negative feedback on DES. A very interesting feature of RTNT, which significantly influenced our surgical strategy, was the oscillation in patient performance, with worsened and then recovered accuracy in a response within a few minutes. We considered this a warning signal, usually manifesting when the resection was close to the lesion border. When this happened, the resection was stopped and resumed in another site. If the patient's performance recovered, we returned to the same area and continued the resection after in-depth testing. Resection was stopped when the patient's performance dropped to 70% of baseline levels. Importantly, we believe that the issue of the threshold should be carefully considered and, as in our group sample, could be highly dependent on several factors such as lesion localization, presurgical patient status, and the list of tasks used. In our series the 70% threshold worked well, but we think that in the future in improving the battery of tasks, better analysis on the different tasks may influence the defined threshold. With RTNT feedback, the surgeon felt safer continuing the resection in comparison with cases when he had no feedback due to negative DES responses. Similar brain behavior has never been appreciable with DES, which, on the contrary, provides a simple on-off response to usually quite simple tests. Our results with RTNT led us to change the surgical procedure. In the present study, we did not operate on the same site for too long, preferring instead to change the surgical field quite often to temporarily interrupt the manipulation of brain tissue in the same site since we believed that allowing the structure to rest could facilitate the recovery of function. We might observe a similar reaction when traction is applied close to the corticospinal tract or in the medulla. Because of tissue manipulation, the MEPs and SSEPs could be temporarily altered or even disappear, although they could recover after a temporary interruption in the surgery. In those cases in which DES was negative, the continuous feedback from the patient and the described surgical strategy allowed a larger resection. If compared with the simple responses of the 1-0 type evoked by DES, RTNT does not necessarily give stopping signals but does provide us with more information. We should mainly consider 2 reasons that have permitted increased resection. First, in the standard mapping technique, the negative response obtained with DES, at least in our experience, tends to inhibit major surgical aggressiveness. Without real feedback, the surgeon has simply stopped the resection earlier in apparently healthy tissue. A negative response in RTNT (that is, the patient performs within the normal range) is more informative than the negative response provided by DES (that is, negative mapping). Consequently, in the case of RTNT, the surgeon is less prone to stop resection and often is more confident in carrying it on. Second, in the present RTNT series, we learned that when a transient decrease happens, a recovery can occur after a short period of time (a few or several minutes) and consequently the resection can continue. This has induced us to adopt the stop-and-go technique. Applying the same logic to other fiber tracts, we would probably avoid a false-positive response that would stop surgery too early.
tests and brain areas
Tests belonging to Group 3 might be seen as the most sensible tests for the most critical functions as they still indicated pathology at the follow-up. Most of them are correlated with language functions, as the patients' lesions mainly included the insular, temporal, and/or premotor areas. On the contrary, the tests involving extralinguistic functions on the dominant hemisphere as well as the nondominant hemisphere generally showed a complete recovery at 6 months after surgery. We also noticed a faster recovery in the group with right-hemisphere lesions. More selective tests may still be used in the future, but the need for awake craniotomy in areas different from the sensorimotor area on the nondominant side may be reconsidered. Clearly, these results are preliminary because they depend on the number of patients who performed a given task and on the lesion site. Nonetheless, this correlation could help determine the predictive value of RTNT. Overall, no task showed a preoperative versus a follow-up change > 25%. As far as the neuropsychological follow-up at 6 months is concerned, with our detailed neuropsychological battery of tasks, we observed a decrease in performance mainly affecting language function that went unnoticed with standard neurosurgical evaluations.
clinical results
In this preliminary experience, continuous, more intensive, complex feedback allowed greater resection. From a mean EOR of 90% (range 49%-100%) in our second historical series (that is, Series 2; Series 1 had a mean EOR of 77% [range 28%-100%]), 19 we reached a mean EOR of 95% in the present series (range 73%-100%). It is in effect a modest increase, but several recent volumetric analyses have shown that even small improvements in the resection rate, such as from > 90% to 100%, may provide an advantage both in terms of better overall survival and in terms of anaplastic transformation. 6, 19, 33, 34, 37 More recent studies speak about supratotal resection in which a small difference in tumor resection can influence prognosis. 6 In principle, it is likely that even the modest improvement in the resection rate in our patient sample could lead to similar clinical advantages. Furthermore, we have to consider the qualitative aspect allowed by this method, which gives the surgeon better and safer feedback. In our opinion, it is difficult to resect infiltrated brain tissue despite negative DES mapping. Thus, it is likely that patients in the present RTNT series will have a different neuropsychological pattern at follow-up, as compared with other patients who did not undergo RTNT. By using this method, we could exert better tumor control and could better predict the patients' clinical follow-up. However, this series is still too small, and we need a greater number of cases to validate this resection method and evaluate its real impact on follow-up.
conclusions
RTNT allows for ongoing monitoring of cognitive performance during resection of an infiltrative brain tumor in functional tissue. It enables one to evaluate cognitive functions during follow-up, obtaining a more defined neuropsychological picture of the impact of surgery. RTNT in combination with DES allows for continuous feedback, reducing the uncertainty of negative feedback on DES, particularly when operating in the white matter, and thus allowing one to increase the extent of resection. 
